Findings from a number of studies suggest that the PilA pilin proteins may play an important role in the pathogenesis of disease caused by species within the genus Francisella. As such, a thorough understanding of PilA structure and chemistry is warranted. Here, we definitively identified the PglA protein-targeting oligosaccharyltransferase by virtue of its necessity for PilA glycosylation in Francisella tularensis and its sufficiency for PilA glycosylation in Escherichia coli. In addition, we used mass spectrometry to examine PilA affinity purified from Francisella tularensis subsp. tularensis and F. tularensis subsp. holarctica and demonstrated that the protein undergoes multisite, O-linked glycosylation with a pentasaccharide of the structure HexNac-HexHex-HexNac-HexNac. Further analyses revealed microheterogeneity related to forms of the pentasaccharide carrying unusual moieties linked to the distal sugar via a phosphate bridge. Type A and type B strains of Francisella subspecies thus express an O-linked protein glycosylation system utilizing core biosynthetic and assembly pathways conserved in other members of the proteobacteria. As PglA appears to be highly conserved in Francisella species, O-linked protein glycosylation may be a feature common to members of this genus.
Francisella tularensis is a facultative intracellular bacterium whose virulence is associated with resistance to killing by macrophages (15) . Highly virulent strains of F. tularensis, exemplified by the highly pathogenic subspecies tularensis (designated type A strains), are the etiologic agent of tularemia, a severe and sometimes fatal zoonotic disease in humans (36) . Two other subspecies of F. tularensis implicated in human disease have been identified and differentiated based on comparative genomics, geographic distribution, and reduced virulence, F. tularensis subsp. holarctica (also known as type B strains) and F. tularensis subsp. mediasiatica, which are associated with milder forms of the disease in humans but retain full virulence in rodents (25) . A fourth subspecies, subspecies novicida, has been proposed, but currently Francisella novicida retains its own species designation, despite being genetically closely related to F. tularensis. F. novicida is pathogenic only in immunocompromised individuals but can cause disease in mice (39) . Current data suggest that F. novicida is ancestral to the humanpathogenic species and that the emergence of strains with increased virulence may be associated with adaptation to increased survival and persistence in macrophages (18, 28) . Such adaptation has been linked to a number of genomic rearrangements and gene losses, rather than the acquisition of virulence factors. Interest in the pathogenesis of disease caused by these agents and evolution within the genus has been fueled by the designation of F. tularensis as a category A biological agent and the current lack of any licensed vaccine against tularemia (10, 19) .
Type IV pili (Tfp) are complex filamentous appendages expressed by many eubacteria of medical, environmental, and ecological importance. Expression of Tfp and associated phenotypes involve the concerted actions of multiple proteins that are highly conserved across taxonomic boundaries (34) . The major pilin subunit of the pilus fiber is expressed as a membrane-associated prepilin that is proteolytically cleaved by a prepilin peptidase, PilD (35) . In many cases, multiple proteins sharing structural similarities to the major pilin subunit, the so-called minor pilins, are required for Tfp expression and function (3-5, 40, 41, 43) . However, the precise role they serve in Tfp biogenesis and function has yet to be identified. Furthermore, Tfp are dynamic structures that undergo retraction mediated by members of the PilT retraction ATPase family (23, 33) . Sequential rounds of Tfp extension and retraction mediate twitching motility and susceptibility to pilus-specific bacteriophages.
Although the genomes of all F. tularensis subspecies contain a nearly complete repertoire of genes required for Tfp expression and function, mutations and rearrangements at such loci appear to impact on pathogenicity. For example, a spontaneous mutant of a type B strain carrying a deletion within a locus encompassing three tandemly arrayed genes encoding pilinlike proteins (pilA, pilE, and pilV, which are orthologous to those annotated as FTT0888c, FTT0889c, and FTT0890c, respectively, in the type A strain SCHU S4 genome) showed reduced virulence in a mouse model. In that strain, full virulence was restored by reintroduction of an intact copy of pilA (14) . Similarly, another type B strain, LVS (named LVS for live vaccine strain), carries an analogous pilA-pilE deletion as well as a rearrangement at another locus termed RD18. In this case, full virulence was restored only by complementation with both pilA and the FTT_0918 gene that maps in RD18 (30) . In F. novicida, the secretion of multiple proteins was abolished by mutational inactivation of genes predicted to encode Tfp and ancillary factors (16) . This suggested that Tfp here might also be associated with type II secretion system (T2SS) activity as seen in Dichelobacter nodosus and Vibrio cholerae (17, 20) . Interestingly, F. novicida mutants lacking either the secretion substrates or carrying insertions at Tfp-associated loci (including pilA) had increased virulence in a mouse infection model (16) . These surprising results were reconciled by the finding that one of the secreted substrates (PepO) is a zinc protease that enhances vasoconstriction and possibly inhibits spread and dissemination of the organism.
Rearrangements and allelic variation of genes encoding components related to Tfp biology may also be of phylogenetic relevance. For example, type B strains have been reported to carry identical nonsense mutations in pilE, pilV, and pilT that would likely preclude the expression of functional products (14, 30) . In addition, FTT_0861 (predicted to encode another pilin-like protein in the SCHU S4 nomenclature) appears to be highly polymorphic between species. In comparison, type A strains and F. novicida appear to be more similar to one another regarding Tfp-related gene repertoire and status with the exception of the polymorphisms described above in pilA and FTT_0861.
What remains unclear for these agents is whether the genotypes and phenotypes described above are related to the expression of Tfp. Despite many efforts and reports, the data remain equivocal. Tfp have yet to be purified and characterized from any F. tularensis subspecies, although morphologically analogous structures have been observed and correlated with genotype by forward genetics. In a recent study of F. novicida, it was concluded that Tfp expression and protein secretion could be dissociated and that PilE4 (orthologous to FTT0861) was the likely major subunit of Tfp (44) . In contrast, a study in which pilin-like proteins from the type A strain SCHU S4 and F. novicida strain U112 were expressed in Neisseria gonorrhoeae, and their capacity to complement Tfp-related phenotypes was assessed concluded that PilA was most likely to represent a Tfp-forming pilus subunit in both the type A strain SCHU S4 and the F. novicida strain U112 (29) .
Despite the apparent importance of PilA in the pathogenesis of disease caused by F. tularensis, our current understanding of PilA structure and chemistry is limited. Prior studies have noted aberrant mobility patterns of F. tularensis PilA expressed in an endogenous background, which were not seen when expressed in Pseudomonas aeruginosa PAK (14) . Further, alterations in the mobility pattern of F. tularensis PilA expressed in N. gonorrhoeae correlated with the expression of distinct O-linked glycoforms, suggesting that they might undergo glycosylation in that background (29) . Here, we report the identification of the cognate oligosaccharyltransferase (encoded by FTT_0905, SCHU S4 nomenclature), the activity of which was necessary for PilA glycosylation in the type B strain FSC200 and sufficient to glycosylate PilA in a reconstituted system in E. coli. We also purified PilA proteins from the type A strain SCHU S4 and the type B strain FSC200 and used mass spectrometry (MS) in order to demonstrate that they undergo O-linked glycosylation and to characterize the associated glycan.
MATERIALS AND METHODS
Bacterial strains, plasmids, growth conditions, and DNA methods. The bacterial strains and plasmids used in this study are listed in Table 1 . Francisella tularensis strains were grown on modified Thayer-Martin agar or blood cysteine glucose agar (BCGA) plates at 37°C in 5% CO 2 . E. coli strains were grown on blood agar base (BAB; Merck) plates or in Luria-Bertani broth (LB). The following antibiotics were used at the indicated concentrations: kanamycin, 50 g/ml; chloramphenicol, 2.5 g/ml (for F. tularensis) or 25 g/ml (for E. coli); and tetracycline, 10 g/ml. Preparation of plasmid DNA, restriction enzyme digestion, ligation, and transformation into E. coli were performed essentially as described previously (31) . For studies of oligosaccharyltransferase activity of PglO and PglA in E. coli, we used the E. coli strain BL21(DE3) and the plasmids pACYC184, pJB658, and p2/16/1 to express the pgl locus (pglFBCD), the oligosaccharyltransferases (pglO and pglA) and the target substrate (pilA). Cloning behind the Pm promoter in pJB658 allows for inducible expression of the inserted sequence upon the addition of m-toluic acid.
Construction of a deletion mutation of FTL_0425 in strain FSC200. The Francisella pglA (FTH_0425) deletion construct was obtained by an overlap PCR using primer pairs PglA_A, PglA_B, PglA_C (Table 2) , and PglA_D, where PglA_A and PglA_D have complementary sequences, and using genomic DNA from strain FSC155 as a template. Before subcloning the DNA fragment into the suicide mutagenesis vector pDM4, the construct were first introduced into a pCR-2.1 vector and sequenced (Eurofins MVG Operon) to ensure a correct sequence. The 2,148-bp fragment was digested with BamHI and XhoI (pCR-2.1 sites) and ligated into XhoI/BglII-digested pDM4, generating plasmid pAL19. The mutagenesis vector, pAL19, was introduced into the recipient strain FSC200 by conjugal mating as previously described (22) and verified by PCR and sensitivity to chloramphenicol.
Construction of C-terminal FLAG epitope-tagged PilA. The Francisella pilin gene pilA, fused in frame to a C-terminal FLAG epitope, DYKDDDDK, was cloned under the groESL promoter of pKK214GFP (GFP stands for green fluorescent protein) by using PCR primers pilA-comp_1F and pilAFLAG_1R (Table 2) , and strain FSC352 as template. The resulting DNA fragment was sequenced (Eurofins MVG Operon) to ensure a correct sequence and cloned into pKK214GFP (NdeI-EcoRI) downstream of the groELS promoter. The construct, denoted pEMS10 (14) , was introduced into the recipient strains FSC200, FSC679 (FSC200⌬pglA), and SCHU S4 (FSC237) by cryotransformation (24) . The resulting recombinant strains were verified by PCR and immunoblotting using antibodies specific for the FLAG epitope.
Affinity purification of epitope-tagged PilA. Epitope-tagged PilA was purified from the type A strain SCHU S4 and the type B strains FSC200 and FSC697 (⌬pglA) by slightly differing protocols. In the case of the SCHU S4 derivative, the strain was cultured on BCGA supplemented with 10 ml of 10% (wt/vol) histidine per liter. Harvested cells were heat inactivated and lysed with CelLytic B plus kit (Sigma, United Kingdom) according to the manufacturer's instructions. Immunoprecipitation of tagged PilA from the soluble-protein fraction was performed using EZview red anti-FLAG M2 affinity gel (Sigma, United Kingdom) according to the manufacturer's instructions. FLAG-tagged PilA was eluted from the resin using 0.1 M glycine HCl at pH 3.5. Samples were lyophilized and resuspended in distilled H 2 O (dH 2 O) for mass spectrometric (MS) analysis. The type B strains FSC200 and FSC697 (⌬pglA) were grown on modified Thayer-Martin agar plates. Harvested cells were heat inactivated and lysed with CelLytic B plus kit (Sigma, United Kingdom) according to the manufacturer's instructions. Immunoprecipitation of tagged PilA from the soluble-protein fraction was performed using EZview red anti-FLAG M2 affinity gel (Sigma, United Kingdom) according to the manufacturer's instructions. Elution of FLAG-tagged PilA was carried out by competition with FLAG peptide as described by the manufacturer (Sigma). The samples were then concentrated by precipitation with 5 volumes of acetone, centrifuged, and air dried before resuspension in dH 2 O for MS analysis.
Cloning of the gonococcal pgl core locus (pglFBCD). The gonococcal gene cluster containing the pglF, pglB, pglC, and pglD genes and upstream DNA were amplified by PCR from strain N400 using Expand Long Template PCR system kit (Roche) and the primers FE1175 and FE1170. The PCR product was cloned into TOPO vector pCRII-TOPO, released by the unique restriction sites BamHI and SphI, and then subcloned into the pACYC184 vector digested with BamHI and SphI. The resulting plasmid pACYCpglFBCD was transformed into E. coli BL21(DE3) cells.
Cloning of the PglO and PglA oligosaccharyltransferases. The coding region of pglO was amplified by PCR from strain N400 using the primers pglO5Ј and pglO3Ј. The PCR product was digested with BamHI/XhoI and cloned into BamHI/XhoI-digested pET24a(ϩ) (Novagen), released by the unique restriction sites NdeI and SmaI, located in the pET24a(ϩ) vector, and subcloned into the pJB658 plasmid digested with NdeI and SmaI. The resulting plasmid, pJB658pglO, was transformed into chemically competent E. coli BL21(DE3) cells containing the plasmid pACYCpglFBCD and selected on LB agar plates containing chloramphenicol and ampicillin. The sequences encompassing FTT_0905 were amplified by PCR from strain SCHU S4 using Advantage HD polymerase (Clontech) and the FE2108 and FE2110 primers. The resulting PCR product was digested with NdeI/KpnI and cloned into NdeI/KpnI-digested pJB658. The resulting plasmid, pJB658pilO2, was transformed into chemically competent E. coli BL21(DE3) cells containing the pACYCpglFBCD plasmid and selected on LB agar plates containing chloramphenicol and ampicillin.
Expression and detection of glycosylated PilA in E. coli. E. coli BL21(DE3) cells containing the relevant plasmids were grown overnight in selective LB on January 15, 2018 by guest http://jb.asm.org/ medium, diluted 100-fold in fresh selective LB medium, and then grown to an optical density at 600 nm (OD 600 ) of 0.6 before induction for 2 h with 2 mM m-toluic acid to induce oligosaccharyltransferase expression (pglO or pglA). Whole-cell extracts were prepared from equivalent numbers of cells by heating cell suspensions to 100°C for 3 min in SDS sample loading buffer and analyzed by SDS-PAGE and immunoblotting. The primary antibody used to detect PilA was a polyclonal rabbit antibody (14) diluted 1:1,000, and the monoclonal antibodies (MAbs) npg1, npg2, and npg3 were used to detect glycan-dependent epitopes (8) .
Protein gel electrophoresis and immunoblotting. Samples containing SDS and ␤-mercaptoethanol were boiled for 5 min (denaturing conditions). All samples were analyzed by SDS-PAGE on a 12% gel as described previously (21) . The antibodies used in immunoblotting were a polyclonal anti-PilA serum (14) , anti-FLAG mouse monoclonal antibody (Sigma-Aldrich, Sweden) and the npg1, npg2, and npg3 rabbit monoclonal antibodies recognizing a defined neisserial protein glycan epitope (8) . Proteins were transferred to Immobilon-P transfer membranes (Millipore) using Trans-Blot semidry transfer cell (Bio-Rad). Membranes were blocked in Tris-buffered saline (TBS) with 5% nonfat dry milk. When a horseradish peroxidase-conjugated secondary antibody system was used, filters were developed by using the ECL kit (Amersham Pharmacia Biotech). For the alkaline phosphatase-conjugated (Roche) secondary antibody system, visualization was accomplished by incubating the filters with 0.1% (wt/vol) Nitro Blue Tetrazolium (NBT; Sigma) and 0.05% (wt/vol) 5-bromo-4-chloro-3-indolylphosphate (BCIP; Sigma).
RNA isolation and RT-PCR. Bacteria were grown for 18 h on Thayer-Martin agar plates, harvested, and suspended in TRIzol reagent (Life Technologies). Total RNA was extracted and treated with RNase-free DNase I (Roche), phenol extracted, and precipitated by ethanol. An aliquot of the RNA (3 g) was used as a template to synthesize cDNA using random hexamers (final concentration, 25 ng/l) and Superscript III reverse transcriptase (RT) as described by the manufacturer (Life Technologies). In control experiments, samples processed without the addition of RT enzyme were used.
In-gel protein digestion. Coomassie blue-stained gel slices containing PilA protein were serially rehydrated and washed with 150 l of high-performance liquid chromatography (HPLC)-grade water, 150 l of acetonitrile-water (1:1 [vol/vol]), and 100% acetonitrile at room temperature. Protein reduction was carried out by the addition of 50 l of 10 mM dithiothreitol, 0.05 mM NH 4 HCO 3 (60 min, 56°C) to the dehydrated gel pieces. Excess reduction buffer was then removed, and thiol groups were alkylated by adding 50 mM iodoacetamide and 0.05 mM NH 4 HCO 3 (45 min at room temperature in the dark). The gel pieces were washed twice with 150 l of acetonitrile-water (1:1 [vol/vol]) and twice with 100% acetonitrile at room temperature. Digestion buffer (5 to 10 l) containing 16 ng/l trypsin (Sigma-Aldrich), 25 ng/l chymotrypsin (Roche), or 40 ng/l proteinase K (Sigma-Aldrich) in 0.05 mM NH 4 HCO 3 (chymotrypsin/proteinase K, 0.05 M Tris-HCl, pH 8.0) was added, and the samples were kept on ice for 30 min to allow rehydration of the gel pieces. To limit autoproteolysis of proteases, the remaining solution was removed and replaced with 35 to 50 l of 0.05 new buffer, and digestions were carried out overnight (trypsin, chymotrypsin) or over 1 h (proteinase K) at 37°C. Peptides were extracted successively with 5% formic acid and 5% formic acid, acetonitrile (1:1 [vol/vol]), and acetonitrile. The combined supernatants were dried by SpeedVac and then redissolved in 0.1% formic acid. Samples were subjected immediately to mass spectrometric analyses or frozen at Ϫ80°C.
MS analysis of proteolytic peptides. ) of proteolytic peptides were performed using an Agilent 1100 LC/MSD Trap XCT Ultra equipped with a Chip/MS Cube interface. In some cases, reverse-phase (C 18 ) nanoflow on-line liquid chromatographic MS 2 analyses of proteolytic peptides were performed using a HPLC system consisting of two Agilent 1200 HPLC binary pumps (nanoflow and capillary flow) with a corresponding autosampler, column heater, and integrated switching valve. This LC system was coupled via a nanoelectrospray ion source to a LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). For the analyses, 4 l of peptide solution was injected onto the 5-by 0.3-mm extraction column filled with Zorbax 300 SB-C18 of 5-m particle size (Agilent). The samples were washed with a mobile aqueous phase of 0.1% formic acid-3% acetonitrile. The flow rate was 4 l/min provided by the capillary pump. After 7 min, the switching valve of the integrated switching valve was activated, and the peptides were eluted in the back-flush mode from the extraction column onto the 150-by 0.075-mm C 18 column (GlycproSIL C18-80Å; Glycpromass, Stove, Germany) with 3-m resin. The mobile phase consisted of acetonitrile and MS-grade water, both containing 0.1% formic acid. Chromatographic separation was achieved using a binary gradient from 5 to 55% of acetonitrile in 60 or 120 min. The nanoflow pump flow rate was 0.2 l min Ϫ1 . Mass spectra were acquired in the positive-ion mode applying a data-dependent automatic switch between survey scan and MS 2 acquisition. Peptide samples were analyzed either by higher-energy C-trap dissociation (HCD) or CID in the LTQ ion trap by acquiring one Orbitrap survey scan in the mass range of m/z 300 to 2,000 followed by HCD and/or CID of the three most intense ions in the Orbitrap. The target value in the LTQ Orbitrap was 1,000,000 for a survey scan at a resolution of 30,000 at m/z 400 using lock masses for recalibration to improve the mass accuracy of precursor ions. Fragmentation was performed with a target value of 5,000 ions. The ion selection threshold was 500 counts. Selected sequenced ions were dynamically excluded for 180 s.
MS data analysis. Mass spectrometric data were analyzed with the inhouse-maintained F. tularensis protein sequence database using SEQUEST. The mass tolerances of a fragment ion and a parent ion were set at 0.05 Da and 5 ppm, respectively. Methionine oxidation and cysteine carbamidomethylation were selected as a variable or fixed modification. A false discovery rate of 0.01 was required for proteins and peptides with a minimum length of 6 amino acids. Glycopeptide MS 2 spectra were manually inspected by Qual Browser version 2.0.7.
To assign detected peptide backbone masses to corresponding peptide pieces, an in-house software program called Peptide Mass Tool was developed. Peptides cleaved by unspecific proteases were identified by this peptide mass tool, programmed with Perl. The tool accepts a monoisotopic mass M ϩ H ϩ , a list of possible modifications, and an allowed range of mass deviations (in ppm) and searches through a list of detected proteins (here PilA) by scanning each protein amino acid on the fly from the N terminus to the C terminus for matching peptides. All matched peptides were collected, sorted on mass deviation and/or protein mass, and written into an Excel spreadsheet file together with all search and program settings. 
RESULTS
Identification and characterization of the endogenous protein-targeting oligosaccharyltransferase. Studies of protein glycosylation in N. gonorrhoeae and pilin glycosylation in selected strains of P. aeruginosa have revealed related pathways in which oligosaccharides are synthesized on lipid-linked carriers in the cytoplasm, and these complexes are then translocated into the periplasm by the action of dedicated transporters or flippases (1, 11) . The glycans are then transferred from the lipid-linked precursors onto serine residues of target proteins by the action of oligosaccharyltransferases structurally related to the WaaL family of O-antigen ligases (1, 12, 26, 27) . The FTT_0905 open reading frame (ORF) is annotated in the F. tularensis SCHU S4 database as being a type IV pilin glycosylation protein based on its sequence similarity to the pilintargeting P. aeruginosa PilO oligosaccharyltransferase (25% identity over a span of 274 residues). To test the potential role of FTT_0905 in PilA glycosylation, a null mutation encompassing a large in-frame deletion of the ORF was constructed and introduced into different F. tularensis strains. To facilitate characterization of PilA, a polypeptide in which the FLAG epitope domain was fused to the C terminus of the pilA ORF was expressed in the strains examined (see Fig. S1 in the supplemental material). Despite repeated attempts, mutants carrying the altered allele in the type A strain SCHU S4 could not be isolated. However, a mutant carrying a null allele of the FTL_0425 gene (the FTT_0905 homologue) was recovered in the type B strain FSC200 background. To determine whether the mutation had any major impact on transcription of neighboring genes, reverse transcriptase PCR (RT-PCR) analyses of RNAs extracted from the wild-type and mutant strains were performed. However, no alterations in the relative levels of RNA for the flanking genes were observed (data not shown).
The relative migrations of PilA and affinity-tagged derivatives on SDS-polyacrylamide gels were profoundly altered in the FTL0425 mutant with a single immunoreactive species of approximately 14 kDa being detected versus the predominant immunoreactive species of approximately 18 kDa seen in the wild-type backgrounds (Fig. 1) . Thus, the absence of FTH0425 correlated with a substantial increase in the relative mobility of PilA. When examining PilA expression in strain SCHU S4, substantial differences in the relative migration of the wild-type and affinity-tagged proteins were observed that could not be simply attributed to differences in their primary structure. While wild-type PilA migrated as one major species of approximately 18 kDa, the affinity-tagged version was detected as a number of discrete species between 14 and 19 kDa. These findings suggested that the presence of the affinity tag on PilA may have differentially altered posttranslational modification in this background.
To gain more insight into the role served by FTL0425 and FTT0905, we attempted to functionally reconstitute PilA glycosylation in E. coli using an approach previously developed in studies of oligosaccharyltransferase from the Campylobacter jejuni N-linked and N. meningitidis O-linked glycosylation systems (12, 13) . This entailed expressing the PilA and FTT0905 proteins together with genes encoding components required for the biosynthesis of a glycan donor in its lipid-linked carrier form. Here, a plasmid carrying the core glycosylation locus (pglF, -B, -C, and -D genes) from N. gonorrhoeae strain N400 was used to express the lipid-linked 2,4-diacetamido-2,4,6-trideoxyhexose (DATDH) monosaccharide precursor on the periplasmic side of the cytoplasmic membrane (1). The principal advantage of this approach was that proteins having undergone O-linked glycosylation with the DATDH monosaccharide could be detected by their reactivity with the monoclonal antibody npg1 that recognizes a DATDH-specific epitope (8) . As shown in Fig. 2A , coexpression in E. coli of F. tularensis PilA, the N. gonorrhoeae targeting oligosaccharyltransferase PglO, and the N. gonorrhoeae core pgl locus was sufficient to establish PilA reactivity with the monoclonal antibody npg1, synonymous with DATDH modification. Thus, consistent with its established promiscuity for protein substrates in N. gonorrhoeae, PglO is capable of glycosylat- F. tularensis PilA undergoes glycosylation when expressed in N. gonorrhoeae. Polyclonal antibodies generated against glycosylated gonococcal pili were previously shown to react with pilus-like appendages associated with F. tularensis PilA expression in gonococci (29) . Taken together with the observations that the relative mobility of F. tularensis PilA varied in association with altered gonococcal pgl gene content, it was suggested that F. tularensis PilA was glycosylated when expressed in gonococci. To examine this possibility in more detail, immunoblotting using monoclonal antibodies recognizing epitopes specific to mono-, di-, and trisaccharide glycan forms (8) was performed using cell lysates of gonococci expressing PilA in defined pgl backgrounds. As shown in Fig. 3 , the npg1 and npg3 MAbs (recognizing mono-and trisaccharide-associated epitopes, respectively) reacted specifically with F. tularensis PilA in the pglA and pglE on (phase "on") backgrounds expressing the corresponding glycoforms. Likewise, npg2 (recognizing the disaccharide forms) reacted with F. tularensis PilA in the wild-type strain expressing the disaccharide glycan. PilA reactivity with npg1 was enhanced in the background lacking O-acetylation of the distal galactose (in the pglI background). The latter finding is consistent with the previously established association between glycan O-acetylation and diminished exposure or accessibility of the epitope recognized by the npg2 monoclonal antibody (8) .
Mass spectrometric analyses of F. tularensis subsp. tularensis PilA peptide digests. As noted earlier, a polypeptide in which the FLAG epitope domain was fused to the C terminus of the pilA ORF was expressed in the type A strain SCHU S4 to facilitate characterization (see Fig. S1 in the supplemental material). Following purification, the fraction enriched in PilA was subjected to SDS-PAGE, and sequential gel slices were excised and processed by reduction, alkylation, and proteolytic digestion. It is not possible to digest PilA into peptides smaller than 3 kDa with trypsin. Therefore, we used a time-controlled digestion first with proteinase K and then with chymotrypsin in combination with trypsin proteolysis.
The proteinase K digest peptide mixture was analyzed using ion trap MS and manually inspected for typical fragment patterns related to glycosylation. Here, we used a loss of either 203 Da or 162 Da to identify glycopeptides with a glycan moiety containing N-acetylhexosamine (HexNAc) or hexose (Hex) residues, respectively. Da. In this case, the intact peptide (m/z 820.4) could be inferred to correspond to residues 101 to 108 of PilA in its mature form (Fig. 4B) . Thus, two distinct PilA peptides carried a conserved pentasaccharide linked through a HexNAc residue (see Fig. S1 in the supplemental material).
Evidence for O-linked glycans at serine residues. Locating the exact sites of glycosylation using conventional MS 2 CID techniques is difficult owing to the relative lability of glycosidic bonds. We therefore used ion trap MS with electron transfer dissociation (ETD), a soft fragmentation technology that causes peptide backbone fragmentation due to rearrangement initiated by electron transfer to the peptide ion. Instead of fragmentation-induced generation of b-and y-ions, the major fragmentation process are cleavages of the N-C ␣ bonds along the peptide/protein backbone to give rise to complementary cand z-type fragment ions. As shown for the 101 VSSGAITW 108 glycopeptide at m/z 877.5, the ETD spectrum provided the necessary peptide backbone fragmentation to indicate that serine residue 103 (S103) bears the glycan (Fig. 5) . Its location to S103 is derived by detection of fragment ions c tasaccharide glycan residue. However, the c 2 ϩ (VS) fragment ion at m/z 204.0 in its glycan-free form is of low abundance, and the corresponding glycan carrying C 2 ϩ ion at m/z 1,137.2 may be hidden in the noise of the MS 2 spectrum. Therefore, the possibility that S102 may also carry the glycan cannot be completely excluded. Taken together with the observations that serine is the only hydroxyl-bearing residue within the peptide 72 GLPSGA 77 with an m/z of 501.2, these data strongly suggested that PilA protein glycosylation is attributable solely to linkage at serine residues.
Mass spectrometric characterization of atypical glycan modifications. A chymotrypsin/trypsin digest of PilA was further analyzed with the Orbitrap XL mass spectrometer using the higher-energy collisional fragmentation (HCD) mode.
Those spectra within the ion chromatograms yielding fragment signals at m/z 204.086 (indicative of HexNAc residues) were then subjected to further evaluation. The HCD fragmentation spectrum of a doubly charged ion at m/z 1,068.5 confirmed the presence of a PilA glycopeptide carrying the earlier detected pentasaccharide but with a longer overlapping proteolytic backbone ( 97 LAPTVSSGAITW 108 ) (see Fig. S2 in the supplemental material). Surprisingly, additional signals were observed that were consistent with the presence of other glycopeptides with identical amino acid sequence but extended modifications of the already described pentasaccharide (see Fig. S4A in the supplemental material) . The mass of one form observed corresponded to a peptide precursor signal at m/z 1,180.53 2ϩ and was consistent with the addition of a unknown moiety related to a mass increase of 242.078 Da to the pentasaccharide (Fig. 6A) . Further information on the nature of m/z 242.078 species was derived from reporter ions in the low-mass-range pattern generated by HCD of the doubly charged ion at m/z 1,180.53. In addition to signals that could be attributed to HexNAc-associated fragment ions (at m/z 126.054, 138.053, 144.064, and 168.064), ions indicative of the presence of a phosphate moiety were observed (Fig. 6B) (Fig. 7) . Here, the successive loss of the subunits of the pentasaccharide detected by the decreasing fragment ion signals at m/z 1,078.465, 985.930, 884.390, 722.337, and 620.797 revealed the presence of dehydrated HexNAc at the nonreducing end of the glycan that could be explained only by the neutral loss of phosphoric acid. Together, these data strongly suggest that the pentasaccharide is linked through its terminal HexNAc residue to a 162.111-Da moiety via a phosphate bridge.
The masses of the other two forms seen in the ion chromatograms corresponded to peptide precursor signals at m/z 1,166.51 2ϩ and 1,173.52 2ϩ (see Fig. S4B in the supplemental material) that could be attributed to the lack of one and two methyl groups, respectively, from the 162.111-Da moiety. The varied methylation status could be unambiguously defined by the exact mass differences of 14.016 Da between all three forms (Fig. S4B) . Accordingly, two new reporter ions with m/z 228.062 and 214.046 appeared in the low-mass range in addition to m/z 204.086 species corresponding to HexNAc. In addition, each of these spectra contained a unique, abundant species with m/z 284.051 corresponding to a phosphorylated HexNAc. As each glycopeptide eluted at distinct retention times, these are distinct glycan modifications rather than experimental artifacts generated by in-source fragmentation.
Additional signals in the low-mass range at m/z 86.095, 100.111, 130.085, and 228.062 provided information relevant to the nature of the m/z 242.078 moiety (Fig. 6B) . These signals are likely to be secondary fragment ions from further collision of the unknown ion signal. There is no direct evidence that those signals are related to further fragmentation of 242.078, 162.111, or 144.101, respectively. However, the exact mass difference of 43.990 Da between 100.111 to 144.101 can be explained only by the loss of CO 2 and therefore suggests strongly that 100.111 is a further fragment of 144.101. In addition, the compound should have a carboxyl group, a core structure to allow dimethylation, and a hydroxyl group in order to be modified with a phosphate group. Furthermore, the nitrogen rule suggests the presence of an odd number of nitrogen atoms. Accurate mass measurements of the new fragment ions in the low-mass range were thus used to generate plausible elemental compositions, and the top-ranked formulae are shown in Table 3 . The top-ranked elemental composition for the m/z 162.1112 moiety indicated this to be a compound with the formula C 7 H 16 NO 3 .
Direct evidence that PilA is nonglycosylated in a pglA background. We sought to confirm that the altered migration of PilA in pglA null backgrounds was indicative of defective glycosylation. Accordingly, affinity-tagged forms were isolated from the wild-type type B strain FSC200 and its isogenic mutant and examined by MS protocols detailed previously (Fig.  8) . Only analyses of digests from the wild-type background revealed the detection of a peak eluting at 37.25 min in the total ion chromatogram (TIC) related to the pentasaccharidemodified peptide 97 LAPTVSSGAITW 108 . Corresponding MS 2 analysis confirmed the detection of the earlier described glycopeptides (see Fig. S5 in the supplemental material). The peaks related to the unmodified peptide were detected in the TIC at 39.4 to 39.5 min in both backgrounds (Fig. 8 , middle panels). Their relative abundance suggested that the concentration of unmodified peptide was approximately 10 times greater for the mutant than for the wild-type samples. Thus, the pglA null mutation was directly correlated with defective PilA glycosylation.
DISCUSSION
Evidence from a number of studies indicate that the pilinlike PilA proteins of both type A and type B strains as well as that expressed by strains of F. novicida influence virulencerelated phenotypes in animal models of disease (14, 16, 30) . However, the manner by which PilA exerts its effects in these systems and its associated structure-function relationships remain poorly understood. In this study, we identified PglA as the endogenous PilA-targeting oligosaccharyltransferase in one F. tularensis subspecies background. Based on its structural similarities and functional activity, PglA represents the third member of an expanding family of bacterial oligosaccharyltransferases responsible for O-linked protein glycosylation utilizing lipid-linked glycan precursors.
In addition, we demonstrate that the PilA protein of two of the human-pathogenic subspecies of F. tularensis is subject to glycosylation with an unusually modified pentasaccharide that is targeted to a minimum of two defined serine attachment sites.
The identification of the PilA-associated phosphoglycan form and its linkage to compound X are particularly notewor- (37) and Pseudomonas aeruginosa (37a). The phosphates there are proposed to bridge sugars to a methylated form of aspartic acid and an unknown terminal modification, respectively. The data on the Francisella phosphoglycan are consistent with a similar structural organization to these other systems. Further studies are needed to define the biosynthetic pathways operating in these protein-associated phosphoglycan systems and to confirm the identities of the moieties terminal to the phosphate groups. In this context, it should be clarified that the detection of the pentasaccharide modification in some cases and its further elaborated phosphoglycan form in others relates to the different MS methodologies employed. Specifically, this reflects the propensity for the phosphate-linked compound X to be lost due to fragmentation during the ion trap-based MS but not in Orbitrap HCD analysis.
Knowing the function of PglA in O-linked protein glycosylation provides further insights related to earlier observations made in the field. Specifically, an in vivo negative-selection screen using F. novicida mutants identified the orthologue of PglA as contributing to growth and survival in mice (38) . Moreover, pglA expression in F. novicida has been shown to be controlled by MglA, a transcription factor that coordinately regulates expression of several genes necessary for replication in macrophages and for virulence in mice (9) . Taken together, these data hint at an influential role of protein glycosylation in vivo.
It remains to be definitively determined whether the system described here is dedicated solely to PilA or whether other protein substrates are modified. In another recent study, putative glycoproteins in the type B strain FSC200 were identified through a combination of carbohydrate-related chemical detection, lectin affinity, and MS methodologies and included among these were PilA (6). It seems plausible then that broadspectrum protein glycosylation occurs in both type A and type B strains within the F. tularensis complex. Similarly, as homologues of PilA and PglA are each readily identifiable within the genomes of less related Francisella species such as Francisella philomiragia, we hypothesize that O-linked pilin glycosylation is a general feature of strains within the genus Francisella.
In summary, we demonstrate that both type A and type B strains of Francisella subspecies express an PilA-targeting Olinked protein glycosylation system utilizing core biosynthetic and assembly pathways conserved in other members of the proteobacteria. Furthermore, a number of reports suggest that 1ϩ (unmodified peptide 97 LAPTVSSGAITW 108 ) and it pentasaccharide modified form at m/z 1,129.035 2ϩ , respectively. Only the sample from the wild-type background showed a peak at 37.25 min related to the pentasaccharide modified peptide 97 LAPTVSSGAITW 108 . Corresponding MS 2 analysis confirmed the detection of the earlier described glycopeptides (see Fig. S2 in the supplemental material). The peak related to the unmodified peptide was detected at 39.4 to 39.5 min in both backgrounds (middle panels). Their abundance suggests that the concentration of the unmodified peptide in the sample from the ⌬pglA background was approximately 10 times higher than that seen in the sample from the wild-type background (gray squares, HexNAc; filled circles, Hex).
PilA may contribute to the virulence phenotypes of species within the genus Francisella. Thus, further studies of both PilA and protein glycosylation may significantly enhance our understanding of these intriguing and important pathogens.
